The Flavivirus genus contains some of the most prevalent vector-borne viruses, such as the dengue, Zika and yellow fever viruses that cause devastating diseases in humans. However, the insect-specific clade of flaviviruses is restricted to mosquito hosts, albeit they have retained the general features of the genus, such as genome structure and replication. The interactions between insect-specific flaviviruses (ISFs) and their mosquito hosts are largely unknown. Pathogenic flaviviruses are known to modulate host-derived microRNAs (miRNAs), a class of non-coding RNAs that are important in controlling gene expression. Alterations in miRNAs may represent changes in host gene expression and promote understanding of virus-host interactions. The role of miRNAs in ISF-mosquito interactions is largely unknown. A recently discovered Australian ISF, Palm Creek virus (PCV), has the ability to suppress medically relevant flaviviruses. Here, we investigated the potential involvement of miRNAs in PCV infection using the model mosquito Aedes aegypti. By combining small-RNA sequencing and bioinformatics analysis, differentially expressed miRNAs were determined. Our results indicated that PCV infection hardly affects host miRNAs. Out of 101 reported miRNAs of Ae. aegypti, only aae-miR-2940-5p had a significantly altered expression over the course of infection. However, further analysis of aae-miR-2940-5p revealed that this miRNA does not have any direct impact on PCV replication in vitro. Thus, overall the results suggest that PCV infection has a limited effect on the mosquito miRNA profile and therefore miRNAs may not play a significant role in the PCV-Ae. aegypti interaction.
INTRODUCTION
Flaviviruses are a group of positive-sense, single-stranded RNA viruses which are predominately transmitted by mosquitoes or ticks [1] . Many flaviviruses are medically and economically significant, including the dengue viruses (DENV), Zika virus, West Nile virus (WNV) and yellow fever virus. There exists a distinct clade, the insect-specific flaviviruses (ISFs), which do not replicate in vertebrates. ISFs of different species have been isolated from mosquitoes belonging to different genera worldwide [2] . The vertical transmission rate of ISFs is higher than that for vertebrate-infecting flaviviruses, and vertical transmission is thought to be their main mode of transmission between insect hosts [1] . ISFs share a common genomic organization with other flaviviruses: 5¢-untranslated region (UTR)-caspid (C), pre-membrane (Pr-M), envelope (E), and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)-3¢UTR, but there are multiple insertions or deletions across the coding regions of ISFs' genomes [3, 4] . It is unclear why ISFs fail to replicate in mammalian cells, but it could potentially be because they lack the ability to antagonize the interferon system [5] . It may also be because of ISFs' high level of adaptation to the insect host, which restricts their replication in vertebrate hosts.
Recently, an Australian ISF, Palm Creek virus (PCV), was discovered in Coquillettidia xanthogaster mosquitoes collected from the Northern Territory, Australia [6] . In vitro tests using Aedes albopictus mosquito-derived C6/36 cells have shown that persistent PCV infection suppresses replication of WNV (Kunjin MRM16 subtype) or Murray Valley encephalitis virus after secondary infection [6] . Similar outcomes were observed in vivo where Culex annulirostris mosquitoes, previously infected with PCV, had significantly lower WNV infection and transmission rates than mosquitoes without PCV infection [7] . Interestingly, PCV is unable to infect mosquitoes through blood feeding and cannot infect the salivary glands even when the midgut barrier is bypassed after intrathoracic inoculation [7] . However, we have little or no knowledge of how PCV interacts with mosquito hosts at the molecular level.
The antiviral innate immune response in mosquitoes includes the RNA interference (RNAi) pathways, which can be divided into several pathways, depending on the small RNAs involved: small interfering RNA (siRNA), PIWIinteracting RNA (piRNA) and microRNA (miRNA). The exogenous siRNA pathway is induced by long (viral) dsRNA that is cut into 21 nt siRNAs by Dicer-2 and bound by Argonaut-2 (Ago-2). After unwinding, Ago-2 uses the guide strand to find complementary (viral) sequences, which is followed by (viral) RNA degradation [8] . The piRNA pathway is less understood and most knowledge comes from the model organism Drosophila melanogaster, in which piRNAs are mostly involved in maintaining the genome integrity by targeting transcriptionally active transposons in germ cells. It is Dicer-independent and uses a combination of PIWI, Ago-3 and Aubergine for the production of the 26-30 nt piRNAs. It can be divided into the primary processing pathway and the so-called ping-pong amplification mechanism. Virus-specific piRNAs and siRNAs have been reported in mosquito-derived cells and whole mosquitoes for different, mostly mosquito-borne, viruses, including alpha-, flavi-and bunyaviruses [9] [10] [11] [12] [13] [14] [15] . Most of the piRNAs show ping-pongspecific characteristics: antisense-derived piRNAs with a U 1 bias and sense-derived piRNAs with an A 10 bias, as well as an overlap of 10 nt of the sense and antisense piRNAs [15] . Recent research has shown that Piwi5 (and to a lesser extent Piwi6) and Ago-3 are involved in the production of viralspecific piRNAs [14, 16] . Knockdown of RNAi proteins, such as Ago-2 and Piwi4, in mosquitoes and/or derived cells results in an increase of virus infection and thereby supports the antiviral activity of the piRNA and exogenous siRNA pathway in mosquitoes [10, [17] [18] [19] .
Virus infection is known to alter the transcriptional profile of the host, from protein-producing transcripts to non-coding RNAs [20] . miRNAs are a class of endogenous small non-coding RNAs and their role is well known in post-transcriptional regulation. miRNA genes are transcribed into primary transcripts (pri-miRNA) with one or more stemloop structures, which are processed into the precursor miRNA (pre-miRNA) in the nucleus by Drosha [21] . The resulting pre-miRNA is then exported out of the nucleus facilitated by Exportin-5/Ran-GTP, and further processed into a miRNA duplex by Dicer-1 [22, 23] . One of the two strands in the duplex is sorted into Ago-1, which guides the complex to bind to the target mRNA through sequence complementarity. Unlike siRNA, miRNA binding has incomplete base pairing with the target, with the seed region (nucleotides 2-8 from the 5¢ end) in most instances having full complementarity with the target [24] . The binding site of miRNA is usually in the 3¢UTR of the mRNA transcript, but in some cases miRNA may also bind to the 5¢UTR or the coding region [25, 26] . The result of miRNA binding is target degradation, following translational repression, or decapping and deadenylation of the target mRNA.
A number of studies have found that the miRNA profile is altered upon arbovirus infection in mosquito vectors [27] [28] [29] . However, there is no study on the impact of ISFs on the mosquito miRNA profile. In the current study, we (Table S2 ). An average of 94 miRBase-reported miRNAs were detected in all libraries combined. Further, there were two major peaks in each library around sizes of 21-24 nt (first peak) and 27-29 nt (second peak), representing siRNAs/miRNAs and potential piRNAs, respectively ( Fig. 1) . Small RNAs specific to PCV were detected in reasonable numbers in infected libraries of 6 and 12 days p.i., but not in samples from 2 days p.i., and increased in number over time post-inoculation, confirming active virus replication (Fig. 2a) . A dominant peak at 21 nt mapping to the genome and antigenome of PCV with a slight bias for the genome was observed, representing virus-derived short interfering RNAs (viRNAs) (Fig. 2a) . They map along the genome and antigenome in a hot (high level of viRNA production) and cold spot (no or low frequency of viRNA production) pattern (Fig. 2b) .
In addition, PCV-specific small RNAs, longer than 21 nt, were observed (Fig. 2a, b) . These are mainly mapping to the genome and could represent viral-specific piRNAs and or viral degradation products. There was no evidence of accumulation at 24-30 nt (piRNA length) in the samples collected at 6 days p.i. The 12 days p.i. samples showed an accumulation of PCV genome-specific small RNAs of 25-30 nt (Fig. 2b) . Most of these longer PCV-specific small RNAs are placed in some hot spots in the viral genome, in particular the small RNAs from 26 to 29 nt in length, which map to one specific position in the genome at 5251 nt for 26, 27 and 29 nt, and 5235 nt for 28 nt in the PCV genome (Fig. 2b) . No bias for a specific base was observed, as would normally be expected for ping-pong-derived piRNAs.
miRNA profiling of uninfected and PCV-infected mosquitoes There were only two miRNAs that had changes that were larger than the absolute value of four-fold change. Therefore, the threshold of differential expression was reduced to the absolute value of 1.5. Based on this threshold, at day 2 post-PCV infection of Ae. aegypti mosquitoes, there were eight miRNAs that had altered expressions ( Fig. 3) , of which only one miRNA, aae-miR-2940-5p, had high copy numbers. The other miRNAs had fewer than 500 normalized expression values. Of these, aae-miR-308-3p had the most altered expression, and seven out of eight miRNAs were upregulated, whilst only aae-miR-1889-3p was downregulated. Quantification of miRNA expression revealed that aae-miR-2940-5p and aae-miR-308-3p had an increase in abundance at 2 days post-PCV infection (Fig. 4) , which was consistent with the deep-sequencing data. Bantam-5p, aaemiR-137 and aae-miR-989 were determined as unchanged miRNAs from the profile as controls; their expression pattern followed that of the deep-sequencing results, with no significant change.
Based on deep-sequencing data, day 6 p.i. had the most differentially abundant miRNAs, with the majority of differentially expressed miRNAs showing upregulation (20 out of 28, Fig. 3 ). Of these, aae-miR-137 was the most upregulated miRNA, whilst aae-miR-286b was the most suppressed miRNA. However, quantification of a selected number of these miRNAs failed to validate the profile change listed in Table S3 ( Fig. 4) , except for aae-miR-100 expression. The miR-315, miR-999, miR-989 and miR-137 abundance levels were unchanged. When the day 6 miRNA profile was closely examined in deep-sequencing data, one of the libraries (B2) showed an unusual abundance of miRNAs (Table S3) , which may have contributed to their selection as differentially expressed. Therefore, we concluded that there might have been an issue with sample B2, which could be due to any of the steps from library construction to sequencing.
On day 12, there were eight miRNAs that had altered expression, with aae-miR-2940-5p being the only highly abundant miRNA (Fig. 3 ). Seven out of eight miRNAs in the profile were suppressed, but again none of the changes were statistically significantly (P>0.5). The RT-qPCR successfully confirmed downregulation of aae-miR-2940-5p (P<0.05; Fig. 4 ) and validated the profile of the miRNA profiles. In addition to aae-miR-2940-5p, aae-miR-989 was found to be significantly downregulated upon infection (P<0.05; Fig. 5 ).
Analysing differentially expressed miRNAs in a mosquito cell line After identifying large internal variations in the miRNA levels for whole-mosquito data, we performed miRNA screening using the Ae. aegypti cell line Aa20. The miRNAs for screening in Aa20 cells were selected from the deepsequencing data, namely aae-miR-2940-5p and aae-miR-989. For this, cells were infected with 1 multiplicity of infection (m.o.i.) of PCV and collected at three infection time points: 1, 3 and 6 days p.i. RT-qPCR analysis of RNA extracted from the cells revealed that the abundance had not changed for either of the miRNAs at any of the tested time points (Fig. 5 ).
Effect of metalloproteinase M41 ftsh, aae-miR-989 and aae-miR-2940-5p on PCV replication The differential expression of aae-miR-2940-5p could represent the host's response to PCV infection. In order to explore this hypothesis, a target study was preformed to investigate the effect of PCV infection on known targets of aae-miR-2940-5p, of which three have been reported [30] [31] [32] . Out of these three targets, metalloprotease M41 ftsh (MetP) was shown to have an impact on flavivirus (WNV) infection [33] . First, MetP was screened at all the PCVinfection time points. The results showed that MetP was induced by PCV infection in all the tested samples (Fig. 6a) . The second day of infection correlated with the upregulation of aae-miR-2940-5p, but not at the other time points.
In order to see whether the trend of MetP upregulation has any impact on PCV infection, we treated Aa20 with dsRNA against MetP and infected these cells with PCV. Knockdown of MetP was confirmed by RT-qPCR (Fig. 6b) . Interestingly, there was no effect of dsMetP on PCV gRNA levels (Fig. 6c) . In the absence of the effect of MetP on PCV replication, we inhibited its regulatory miRNA, aae-miR-2940-5p, and also aae-miR-989, which was shown to be differentially expressed, to find out if either of the miRNAs could be involved in PCV replication. For this, Aa20 cells were first transfected with the synthetic inhibitor (reverse complementary RNA) of the miRNAs, a negative control inhibitor with random sequences and no inhibitor as mock. After 48 h, cells were infected with PCV at an m.o.i. of 5 for a 72 h infection period. Genomic RNA levels and virion production were assessed by RT-qPCR and the ELISA TCID 50 method, respectively. The results showed that inhibition of these two miRNAs did not have any significant effect on PCV replication (Fig. 7) .
DISCUSSION
Previous studies have shown that mosquito miRNAs could be modulated during infection by different viruses [27] [28] [29] 34] . However, studies on miRNA in virus-host interactions have mainly been restricted to pathogenic viruses, with limited characterization of the role of differentially expressed miRNAs. Therefore, there is no prior knowledge on how the host miRNAs could be modulated with respect to ISF infection. Using small-RNA deep sequencing, the global profiles of miRNAs in PCV-infected Ae. aegypti were described in this study. Under the conditions used in this study, out of 101 reported Ae. aegypti miRNAs, aae-miR-2940-5p was the only miRNA with read numbers that were significantly differentially expressed over the course of PCV infection. The level of aae-miR-2940-5p was induced within 2 days p.i. and suppressed at 12 days p.i., whereas aae-miR-989 was only suppressed at 12 days p.i. In contrast, a different pattern was observed with the miRNAs screened in the Ae. aegypti Aa20 cell line, with neither displaying any change upon PCV infection. Further, miRNA inhibition experiments using inhibitors of aae-miR-989 and aae-miR-2940-5p showed no effect on PCV replication. While the results obtained using cell lines indicate a response to viral infection, the responses in mosquitoes could be different to those in cell lines due to tissue-specific responses or tissue tropism of the virus. Interestingly, it is known that the main site of PCV replication in mosquitoes is the midgut [7] . Therefore, Aa20 cells or other available Ae. aegypti cell lines (such as Aag2) with embryonic or larval origin may not be the ideal option for PCV-related studies.
Based on target-mRNA investigations, the expression of MetP was not consistent with the miR-2940-5p expression pattern. MetP was previously described as a target of aaemiR-2940-5p, with a positive interaction [30] . The role of MetP and aae-miR-2940-5p was also described in the context of WNV infection, where the pair positively regulate WNV virion production. In infected cells, aae-miR-2940-5p was selectively downregulated following WNV infection [33] . The human orthologue of MetP M41 ftsh, YME1L, has been shown to play an important role as an anti-apoptotic factor [35] . It is likely that the induction of aae-miR-2940-5p in PCV-infected cells is a stress response for the initial infection. This increase in miRNA boosts MetP transcript levels and thus may protect infected cells undergoing apoptosis due to stresses. However, the physiological role of MetP in insects remains unknown and requires future investigation.
The change in another miRNA, aae-miR-989, was only significantly suppressed at 12 days p.i. There are implications for miR-989 in immunity, as it changes in response to different infection settings [28, 30, 34, 36] . The exact role of miR-989 is unknown, as there is no reported mRNA target for this miRNA. miR-989 is predominantly expressed in the ovary of Ae. aegypti, but was later found to also be expressed in the midgut of Ae. albopictus [34, 37] . In a recent study on PCV interaction with WNV in Culex annulirostris, the tropism of PCV was found to be mainly in the midgut of injected mosquitoes [7] . It could reflect a similar pattern in Ae. aegypti injected with PCV. Therefore, miRNA abundance in uninfected tissues may diminish the fold changes of aae-miR-989 or aae-miR-2940-5p in the midgut when whole mosquitoes are analysed. Based on this argument, it is also possible that there are more miRNAs that might change during PCV infection in mosquitoes. Therefore, PCV tropism in Ae. aegypti requires further investigation, possibly focusing on expression in excised midguts, where it mostly replicates [7] , or ovaries, since the main mode of ISF transmission is believed to be transovarial [1] .
Overall, the results from this study suggest that miRNAs may not play a role in the interaction of Ae. aegypti with PCV, although miRNAs may play a role in the interaction of PCV with its natural host, Cq. xanthogaster, from which it was isolated. This is perhaps not surprising for vertically transmitted viruses, such as PCV, which are adapted to maintain a benign relationship with their hosts in order to The expression patterns of randomly picked miRNAs were validated using realtime PCR. Two technical replicates were conducted on the same samples sent for deep sequencing. An unpaired two-tail Student's ttest was performed to determine significant changes. aae-miR-281 was used to normalize all the tested miRNAs in the qPCR. * P<0.05; ** P<0.01; **** P<0.0001. 5p and 3p in the miRNA names refer to mature miRNAs generated from the 5¢ or 3¢ arms of the precursor miRNA.
persist [38] . Consequently, there could be no change or very mild changes in the miRNA profile during PCV infection. Further analysis of MetP in relation to PCV infection suggested that it may not play any role in PCV replication, as silencing the gene did not have a significant effect on virus replication. However, as mentioned above, the response in Aa20 cells may not be similar to the response in mosquitoes due to virus tissue tropism and specific response to PCV. Potentially, the upregulation of MetP in the mosquito may have been due to the combined effects of aging (as it was observed at 12 days p.i.) and the infection status of the mosquitoes.
RNAi is a potent anti-viral response in mosquitoes [8] and production of viral-specific small RNAs has been widely reported for different viruses [9-11, 13, 14, 16, 39-45] . However, in most instances, it is only mosquitoes that have established a persistent infection with pathogenic mosquito-borne viruses or insect-specific viruses that produce these small RNAs. In establishing persistent infection in mosquitoes with RNA viruses, viral-derived DNA (vDNA) is produced during infection by reverse transcription, which can persist in extrachromosomal or integrated forms [46] . These vDNAs enhance the RNAimediated antiviral response and therefore are important in increasing mosquito tolerance to arbovirus infection and establishing persistent infection. In this study, increasing numbers of PCV-specific 21 nt small-RNA mapping against the genome and antigenome have been detected at the different time points of infection (2, 6 and 12 days p.i.), which are also indicative of active viral replication in the mosquitoes. This is similar to previous findings for other pathogenic mosquito-borne flaviviruses (e.g. DENV) or persistent ISF infections (e.g. cell fusing agent virus) in mosquitoes [13, 14, 39, 45, 47] . The presence of some hot spots of viRNAs, which are overrepresented, suggests that these regions are preferential targets of Dicer-2, or that these viRNAs are more stable than others, or that these are the parts that are reverse-transcribed into vDNA [46] and thereby enhance the RNAi response. It has to be noted that such a bias could also be due to technical issues, such as library preparation [48] . In addition to the 21 nt viRNAs, longer virus-specific small RNAs were detected in the size range of piRNAs, which mainly mapped to one position in the viral genome at 5251 nt for 26, 27 and 29 nt, and 5235 nt for 28 nt.
Recently, arbovirus-specific piRNAs have been reported in mosquitoes [9] [10] [11] [12] [13] [14] [15] , and knockdown of piRNA pathway proteins suggests an antiviral activity of the piRNA pathway in mosquitoes [10] , in addition to the well-established exogenous siRNA pathway. Bunyaviruses and alphaviruses have been reported to produce viral-specific piRNAs with the typical A 10 bias in sense RNA and the U 1 bias in antisense RNA [9] [10] [11] [12] [13] . By contrast, the viralspecific piRNAs for flaviviruses (cell fusing agent virus and DENVs) have only been found to have the A 10 bias in sense RNA [14, 15, 41, 43] . The PCV-specific small RNAs do not harbour any of these sequence-specific piRNA features (A 10 or U 1 bias). Therefore, it is questionable if they really represent piRNAs or just viral degradation products, although the presence of just one sequence of the genome would suggest a more specific targeting than random RNA degradation. This is similar to the findings for other flavivirus-specific piRNAs, which in contrast to alphaviruses or bunyaviruses, only map to a small number of sequences in the genome [14, 15, 41, 43] . Production of both vsiRNAs and viral piRNAs through vDNA synthesis in mosquitoes or their derived cell lines has been shown [46] . Considering that ISFs establish persistent infections in their hosts, the contribution of vDNA in the production of vsiRNAs and viral piRNAs is quite likely.
In summary, we examined the global miRNA expression pattern in Ae. aegypti mosquitoes in response to PCV infection, as well as the production of PCV-specific small RNAs. It is worth mentioning that Ae. aegypti is not the natural host of PCV, although 100 % infection of the model mosquito in laboratory experiments has been shown previously [7] . In addition, we used whole mosquitoes for our analysis, which may miss tissue-specific small-RNA profiles. PCV- specific small RNAs were produced during viral infection, with siRNAs being the most prominent type. PCV-specific small RNAs at the size of piRNAs were also found, although they do not represent the piRNA-specific features (A 10 or U 1 bias), and therefore it is not currently known if they are actually piRNAs or artefacts of viral degradation. Furthermore, it is not yet known if any of the PCV-specific small RNAs harbour antiviral activity.
Our data suggest that there is very little modulation of miRNAs upon PCV infection of the mosquito, as we only found one miRNA, aae-miR-2940-5p, that showed differential expression at the early stage of PCV infection in the mosquitoes. However, further investigation demonstrated that a target of aae-miR-2940-5p has no direct effect on PCV replication and the upregulation may be in response to initial stress that was caused after PCV infection. Further, inhibition of the miRNA had no effect on PCV replication. It has been demonstrated that infection with pathogenic flaviviruses causes changes to their host miRNA profiles [28, 34] . In contrast, ISFs, which are vertically transmitted and establish persistent infections in mosquito populations, may have very little effect on their host transcriptome, so as to avoid overt anti-viral responses. This may also be consistent with the possible antiviral activity of the detected PCV-specific small RNAs.
METHODS

Insect cell lines and PCV infection
The Ae. aegypti-derived cell line, Aa20, was maintained in Leibovitz's L-15 medium (Invitrogen), supplemented with 10 % typtose phosphate broth and 5 % fetal bovine serum (FBS; Bovogen Biologicals). Ae. albopictus-derived cells, C6/ 36, were maintained in a medium with a 1 : 1 mixture of Mitsuhashi-Maramorosch medium and Schneider's insect medium (Invitrogen), supplemented with 5 % FBS and 1 % penicillin/streptomycin (Invitrogen). All insect cells were maintained in a 28 C incubator. For in vitro virus-infection experiments, Aa20 cells were seeded at 3Â10 5 cell density in each well of a 12-well plate and infected with PCV at an m. o.i. of 1 for 1 h with gentle shaking at room temperature. Virus inoculum was subsequently removed and replaced with fresh L-15 medium supplemented with 2 % FBS. PCV isolate 56 (PCV56), at passage four, was used in this study and amplified in C6/36 cells.
Virus titration
The tissue culture infectious dose 50 (TCID 50 ) endpointfixed cell-enzyme-linked immunosorbent assay (ELISA) method was used to measure virus titre in media from cell cultures infected with PCV [49] . Accordingly, virus-infected culture media were first serially diluted (10-fold dilutions) in the medium in which C6/36 cells were grown before being inoculated into a plate with wells containing confluent C6/36 cell monolayers. After 2 h of incubation to allow the absorption of virions, the inoculum was replaced with fresh medium. Inoculated C6/36 cells were cultured for 5 days before being fixed in 20 % acetone plus 0.02 % bovine serum albumin in PBS for 30 min. Plates were air-dried overnight before PCV detection using ELISA [50] and the PCV-NS1-specific monoclonal antibody 3D6 [6] .
Samples prepared for small-RNA deep sequencing To obtain RNA samples from PCV infections, 4-day-old Ae. aegypti mosquitoes (Townsville, Australia strain) were injected with 10 2.3 infectious units (10 6 TCID 50 ml
À1
) in 200 nl of stock PCV diluted in Opti-MEM medium (Invitrogen) with 3 % FBS without antibiotics or antimycotics. Control-group mosquitoes were injected with the same growth medium without PCV. Mosquitoes were collected and stored at À80 C on days 2, 6 and 12 post-inoculation. For each day and treatment, 15 mosquitoes were collected and divided into three groups of five mosquitoes, which were pooled to create three biological replicates. Mosquitoes were homogenized in Qiazol before total RNA was extracted according to the manufacturer's protocol (Qiagen), except that for RNA precipitation, samples were stored at À80 C for 1 h. Subsequently, RNA samples were treated with Turbo DNase I (Thermo Fisher), quantified for A260/A280 using a spectrophotometer (Epoch) and submitted to the Australia Genome Research Facility (AGRF) for Illuminabased small-RNA sequencing. PCV infection was confirmed by reverse-transcription PCR (RT-PCR) using primers specific to PCV (Table S4) prior to sample submission. The sequencing was conducted in two technical replicates for each sample.
Bioinformatics analysis
A CLC Genomic WorkBench 7 (Qiagen) was used to carry out the bioinformatics analysis for miRNA profiling. Raw sequence data was first trimmed of adapters before analysis. In addition, low-quality reads were discarded after trimming. The adapter sequence used here was Illumina RA3-5¢-TGGAATTCTCGGGTGCCAAGG-3¢. Reads with counts below 10 were considered as sequencing noise and discarded. Trimmed reads 16 to 35 nt in length were retained to define small RNAs. Technical replicates of each library were combined before miRNA mapping. miRBase Release 21 was used to map each miRNA that was present in each library [51] . The abundance of each miRNA was normalized using the total read counts of the library. Uninfected libraries were compared to PCV-infected libraries to generate each miRNA differential expression profile. The differential expression threshold was set to an absolute fold change of larger than 1.5. Baggerley's test was used to analyse the expression profiles with XDF multi-comparison P-value adjustment.
Analysis for virus-specific small RNAs was performed by searching the high-throughput sequence reads against the PCV genome sequence (GenBank accession number KC505248.1) using the locally installed NCBI BLASTN program [52] . With the help of screening programs developed in-house, reads of match length 18-35 nt with zero or one mismatch in the alignment were extracted for further analysis. Matched reads were categorized into positive and negative strands based on their matching orientation, and PCV gRNA levels were normalized to cellular RPS17 levels. PCV virions were titrated out using the end-point ELISA TCID 50 method. The results were analysed by a one-way ANOVA test with multi-comparisons; Tukey's correction was used to adjust the Pvalue threshold. Mock, Aa20 cells treated with Cellfectin and PCV only; NC, non-specific inhibitor (negative ctrl); 989, aae-miR-989 inhibitor; 2940, aae-miR-2940-5p inhibitor. The results were obtained from two independent experiments. Dots represent three biological replicates; error bar is the SEM. NS, non-significant. distribution plots were generated using the R statistical package. The sequences with overlap signatures were calculated using previously published methods [53] .
RNA extraction and cDNA synthesis Total RNA from cells was isolated using QIAzol Lysis Reagent (Qiagen), and subsequently treated with DNase before being used for reverse transcription (RT). The procedure of RNA extraction was based on the manufacturer's instructions, except that the isopropanol precipitation step was performed at À80 C overnight. The cDNA library was synthesized with an Oligo dT primer as reverse. The firststrand cDNA for PCV was synthesized by RT with PCVspecific reverse primer (Table S4 ). In each RT reaction, 1 µg of total RNA was used as template in a total volume of 20 µl.
To generate the cDNA library of total miRNA, miScript RT (Qiagen) was used to convert 1 µg RNA into cDNA. The RT reaction was carried out following the manufacturer's instructions. The cDNAs were then diluted as follows: total mRNA and virus gRNA at a 1 in 5 dilution; total miRNA at a 1 in 10 dilution. The deep sequencing data can be accessed through NCBI's Gene Expression Omnibus accession number GSE100917.
qPCR Following miScript RT, qPCR was carried out with miRNAspecific forward primers (Table S4) and Qiagen miScript Universal qPCR primer (supplied in the miScript kit). miScript SYBR Green was used for qPCR with 1 µl of 1 in 10 diluted miScript RT cDNA products, as in the manufacturer's instructions. For each experiment, three biological replicates with two technical replicates were analysed. aaemiR-281 was used for normalization of miRNA expression levels, as it did not show any change following PCV infection. Following RT, qPCR was undertaken using the primers listed in Table S4 .
Quantifast SYBR Green mix (Qiagen) was used for qPCR, with 2 µl of diluted RT products from mRNAs in a total reaction volume of 10 µl. The ribosomal subunit 17, RpS17, gene was used for normalization of the virus gRNA level or gene expression across treatments. All qPCR reactions were performed using a Rotor-Gene thermal cycler (Qiagen). Gene expressions were analysed using the comparative C T method [54] .
Metalloproteinase (MetP) knockdown experiment
RNAi-based experiments were set up using the procedure described earlier [30] . Gene-specific double-stranded RNAs (dsRNA) were synthesized in vitro using the T7 MEGAscript transcription kit according to the manufacturer's instructions (Ambion). The T7 promoter sequence (5¢-TAATACGACTCACTATAGGG-3¢) was incorporated in both forward and reverse primers designed to amplify roughly 500 bp dsRNA using the primers listed in Table S4 . The DNA template was first amplified with PCR and purified from 1 % agarose gel. The correct-size band was excised from the gel and eluted using a gel extraction kit (Qiagen). For dsRNA synthesis, 8 µl of the purified PCR product was used in the reaction overnight at 37 C. After DNase treatment, RNA was purified with the phase-separation method by a 1 : 1 mixture of 100 % phenol and chloroform. The aqueous phase was collected and precipitated in 100 % isopropanol at À80 C for 30 min. The RNA was washed once with 70 % ethanol and briefly air-dried before being resuspended in nuclease-free distilled water. Aa20 cells were seeded 1 h prior to transfection. 5 µg of gene-specific dsRNA was used to transfect Aa20 cells. The transfection mix was prepared by mixing dsRNA and Cellfectin II (Invitrogen) in FBS-free L-15 medium. The transfection mix was incubated for 20 min before being inoculated into cells. Doublestranded GFP was used as a negative control in each experiment (Table S4) . Primary transfected cells were incubated for 5 days prior to another transfection. Before secondary transfection, cells were counted and reseeded. 5 µg of the same dsRNA was used in the second-round transfection to enhance silencing. Each experiment had three biological replicates for each treatment. qPCR was used to confirm the silencing of MetP mRNA within infected cells (Table S4) .
Inhibition of miRNAs in Aa20 cells
The aae-miR-2940-5p inhibitor (5¢-GCCUCGACAGAUA AGAUAAACCA-3¢), aae-miR-989 inhibitor (5¢-CCGCC GCUACCUCGCUUUCACU-3¢) and non-specific control inhibitor (5¢-UCUACUCUUUCUAGGAGGUUGUGA-3¢) were synthesized by Genepharma. In every inhibition experiment, 100 ng of each inhibitor was transfected into Aa20 cells using the Cellfectin II transfection reagent (Invitrogen). Cells were inoculated with 5 m.o.i. of PCV 48 h after transfections, and then collected 72 h after infection. Total RNA was extracted, and RT-qPCR analyses were performed with PCV gene-specific primers (Table S4) . Supernatants from infected cells were collected and inoculated into C6/30 cells for TCID 50 -based virus titration as described above.
Statistical analyses
GraphPad Prism version 6 was used to generate graphs and perform statistical analyses for qPCR and ELISA results. One-way ANOVA was used for MetP silencing and miRNA inhibition experiments, and the unpaired Student's t-test was used for miRNA validations. Statistical significance was defined as P<0.05. 
